Abstract: Biological function of biomolecules is accompanied by a wide range of motional behavior. Accurate modeling of dynamics by molecular dynamics (MD) computer simulations is therefore a useful approach toward the understanding of biomolecular function. NMR spin relaxation measurements provide rigorous benchmarks for assessing important aspects of MD simulations, such as the amount and time scales of conformational space sampling, which are intimately related to the underlying molecular mechanics force field. Until recently, most simulations produced trajectories that exhibited too much dynamics particularly in flexible loop regions. Recent modifications made to the backbone and ψ torsion angle potentials of the AMBER and CHARMM force fields indicate that these changes produce more realistic molecular dynamics behavior. To assess the consequences of these changes, we performed a series of 5-20 ns molecular dynamics trajectories of human ubiquitin using the AMBER99 and AMBER99SB force fields for different conditions and water models and compare the results with NMR experimental backbone N-H S 2 order parameters. A quantitative analysis of the trajectories shows significantly improved agreement with experimental NMR data for the AMBER99SB force field as compared to AMBER99. Because NMR spin relaxation data (T 1 , T 2 , NOE) reflect the combined effects of spatial and temporal fluctuations of bond vectors, it is found that comparison of experimental and back-calculated NMR spin-relaxation data provides a more objective way of assessing the quality of the trajectory than order parameters alone. Analysis of a key mobile -hairpin in ubiquitin demonstrates that the dynamics of mobile sites are not only reduced by the modified force field, but the extent of motional correlations between amino acids is also markedly diminished.
Introduction
NMR spin relaxation spectroscopy and molecular dynamics (MD) computer simulations are both widely used tools to study the dynamics of biomolecules. Although both methods probe motions on the picosecond to nanosecond range, they are highly complementary in many aspects. Spin relaxation is sensitive to reorientational dynamics of the lattice functions of spin-relaxation active interactions, such as N-H bond vectors belonging to 15 N- 1 H magnetic dipole-dipole interactions, while MD simulations provide information on the motions of all atoms of a biomolecule. [1] [2] [3] [4] Due to the strong dependence of the MD simulation on the applied force field and the computational protocol, 5 validation of simulations against experimental data is critically important. NMR spin relaxation data reflect motional amplitudes and time scales of both overall tumbling and internal motions for many sites throughout a protein and are therefore excellently suited for this task.
Comparisons of MD simulations [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] with NMR relaxation data typically focus on the generalized N-H S 2 order parameter by Lipari and Szabo. 17, 18 S 2 is a measure of the spatial restriction of the N-H vector in a molecule-fixed frame that takes values between 0 (large amounts of motion) and 1 (no motion) and which can be extracted from longitudinal T 1 , transverse T 2 , and heteronuclear Overhauser effect (NOE) data. Due to the underlying spin physics, the experimental S 2 order parameters only report on motions that occur on time scales comparable to or faster than the overall tumbling correlation time τ c of the biomolecule, which is typically in the low nanosecond range. Such comparisons between MD simulations and NMR relaxation have been hampered in two important ways. First, due to the limited available computer power, MD trajectories have typically been much shorter than the overall tumbling correlation time and therefore did only reflect a subset of motions observed in NMR relaxation experiments. Therefore, the computed order parameters were on average higher than the ones of longer simulations using the same force field. Second, computed order parameters belonging to loop regions were often found to be substantially lower than their experimental counterparts, raising questions about the adequacy of the applied computational protocols or force fields. It is important to note that because these two kinds of errors have the tendency to cancel each other at least partially, agreement between calculated and experimental S 2 values could be accidental without validating the quality of the force field itself.
At the same time, the development of simplified contact models led to the remarkably accurate prediction of S 2 profiles from average 3D structures relying on very few adjustable parameters. [19] [20] [21] This shows that the problem is generally not rooted with local features of the structural model but rather with the MD force field itself.
The situation has started to change recently due to the availability of increased computer power and adjustments made to the force fields. A correction to the CHARMM C22 force field, called CMAP, was introduced, which modifies the potential of the backbone torsion angles and ψ. 22 The use of this corrected force field was found to improve the overall agreement between MD-derived and experimental NMR order parameters of hen lysozyme, although some discrepancies remain. 23 A similar modification was introduced into the AMBER99 force field with the result that an implicit solvent trajectory of HIV-1 protease yielded dynamics in good agreement with experimental data for that system. 24 Improvements provided by the AMBER99SB force field at reproducing experimental order parameters have been further demonstrated for hen lysozyme and human ubiquitin. 25 As MD simulations now routinely exceed in length the overall tumbling correlation times τ c , order parameters computed over the whole trajectory include motions that are too slow to affect in significant ways T 1 , T 2 , and NOE relaxation parameters. Because these motions would not be reflected in the experimental S 2 values, their effect on calculated S 2 values introduces a bias and makes the comparison of experimental and simulation results at the order parameter level not straightforward. In fact, recent residual dipolar coupling measurements suggest that additional motions are present on nanosecond to millisecond time scales that are not reflected in relaxation-derived S 2 values. Therefore, as MD trajectories are increasing in length, a further drop in S 2 values, at least for some protein systems, is expected.
An alternative approach for assessing the quality of a protein MD trajectory directly compares experimental and predicted T 1 , T 2 , and NOE relaxation parameters by leaving out the S 2 order parameter comparison as an intermediate step. 16, [26] [27] [28] This approach requires both a proper description of internal motions as well as an accurate modeling of overall tumbling. A related approach directly compares spectral density components J(ω), 16 whereby the extraction of spectral densities from the experiment requires additional experiments or makes additional assumptions. 29 Here, we report the results of molecular dynamics trajectories of the well-characterized protein ubiquitin computed in the AMBER software package, 30 using both the AMBER99 31 and the modified AMBER99SB 24, 25 force fields. Several sets of experimental NMR spin relaxation data have been published for ubiquitin, [32] [33] [34] [35] [36] making it a valuable model system for assaying the quantitative accuracy of the MDderived NMR relaxation parameters. Ubiquitin has also been successfully used as a model system for the MD investigation of NMR relaxation active motion in the past, yielding fundamental insight into the nature of internal protein dynamics. 34, 37, 38 More recently, a 0.2 µs ubiquitin MD trajectory calculated using the GROMOS96 43a1 force field 39 was reported by Nederveen and Bonvin (referred to as the "NB trajectory" from here on) from which both order parameters and spin relaxation parameters were computed. 28 The results of the current work indicate that the modified AMBER99SB force field performs qualitatively better than previous force fields at reproducing experimental order parameters, and it yields NMR spin relaxation parameters in near-quantitative agreement with experimental values.
Materials and Methods

Molecular Dynamics Simulations.
Explicit solvent MD trajectories were run using the AMBER 8.0 software package 30 with the AMBER99 31 and the AMBER99SB 24, 25 force field under particle mesh Ewald periodic boundary conditions. 40 Two initial configurations were generated in which ubiquitin (PDB code 1UBQ) 41 was solvated with 6080 water molecules represented with either the SPC or TIP3P model 42 such that no solute atom was within 12 Å of a box edge. The four resulting systems (AMBER99 with SPC, AMBER99 with TIP3P, AMBER99SB with SPC, and AMBER99SB with TIP3P) were energy-minimized and heated to 50 K through 10 ps of canonical (NVT) MD, with a 2 fs time step and SHAKE constraints on bonds involving hydrogen atoms 43 followed by heating to 150 and 300 K in successive 20 ps steps under the same conditions. Next, the systems were allowed to equilibrate in a 50 ps isothermalisobaric (NPT) simulation in order to equilibrate the solvent density. After this initial equilibration period, an additional 5.0 ns of production MD was performed on each of the four systems under NPT conditions, and separately, 5.0 ns of production MD was performed under NVT conditions. The result was a set of eight 5.1 ns trajectories, spanning all combinations of the two force fields, two water models, and two production run conditions. Snapshots of each trajectory were stored to disk every 1.0 ps during both the equilibration and production periods. Finally, the AMBER99 and AMBER99SB trajectories computed under NPT conditions with the SPC water model were extended for a further 15.0 ns yielding final trajectories 20.1 ns in length. Superposition of the snapshots to remove the effects of overall translation and rotation was performed within the AMBER ptraj module by superimposing the backbone heavy atoms of residues 1-72, using the snapshot at the midpoint of the production run (2.5 or 10.0 ns) as the reference structure.
Correlations Functions and Order
Parameters. Bloch-Wangsness-Redfield spin relaxation theory [44] [45] [46] [47] expresses spin-relaxation rates induced by reorientational motion in terms of the spectral density functions:
where C(t) is the time correlation function of the lattice portion of the spin interaction causing relaxation. For the relaxation of 15 N spins in proteins, the relevant interactions are the magnetic dipole-dipole interaction with the covalently bonded proton spin and the 15 N chemical shielding anisotropy. The principal axes of the tensors describing these two interactions are assumed to be collinear and parallel with the 15 N-1 H bond vector. For a protein in isotropic solution, the reorientational correlation function in eq 1 takes the form where P 2 is the second Legendre polynomial [P 2 ) 1 / 2 (3x 2 -1)], e LF is a unit vector collinear with the bond vector defined relative to the laboratory frame (LF), and the angular brackets indicate averaging over time τ.
The "model-free" formalism developed by Lipari and Szabo for parametrization of the functions described in eqs 1 and 2 requires that any internal motions of the interaction vector be separable from global tumbling of the molecule. 17, 18 For isotropic overall tumbling, eq 2 may then be factored as where C O (t) and C I (t) describe global and internal reorientation, respectively, where the correlation function C O (t) is where τ c is the rank 2 correlation time for global tumbling. The internal correlation function is approximated by 17, 18 where the unit vector e is defined relative to a fixed internal frame. C I (t), which is normalized [C I (0) ) 1], decays with an effective correlation time (τ e ) to a plateau value S 2 , the square of the generalized order parameter. The angular brackets indicate averaging over time τ. S 2 represents the spatial restriction of the motion of the interaction vector and is determined by 17, 18, 48 where σ Y 2m 2 are the variances of the normalized spherical harmonics of rank 2, Y 2m [θ(t), (t)], over the trajectory and θ(t) and (t) are the polar angles representing the interaction vector relative to a fixed internal frame. Equation 5 is valid for monoexponentially decaying correlation functions with a correlation time faster than the overall tumbling correlation time τ c or for multiexponential correlation functions with all correlation times much shorter than τ c .
Recently, a general method for calculating NMR spin relaxation parameters from MD trajectories, known as isotropic reorientational eigenmode dynamics (iRED), was introduced. 38 In this method, the snapshots generated from the MD trajectory are treated analytically to yield an isotropic ensemble from which a covariance matrix M is computed with elements where e LF,i and e LF,j are the normalized bond vectors, taken from the same snapshot, and the brackets indicate averaging over all snapshots. Because eq 7 contains only inner products, M ij is rotationally invariant; that is, it is valid in an arbitrary frame that makes no assumptions about separability between internal and overall tumbling motions. S 2 values can be computed from M by solving the eigenvalue problem M|m> ) λ m |m> (m ) 1, ..., N, where N ) number of interaction vectors e m ) and using 38 where the sum extends over the N-5 eigenvectors |m> corresponding to internal modes with eigenvalues λ m (i.e., all eigenvectors except those with the five largest eigenvalues). Equation 8 provides a computationally efficient way to determine order parameters without requiring the explicit removal of overall tumbling from the trajectory.
Spectral Density Functions and Spin Relaxation.
To obtain an accurate estimate for τ c from a MD trajectory, the trajectory's length must exceed τ c by at least 1-2 orders of magnitude, which poses a challenge even for modern computers. Moreover, MD simulations tend to significantly underestimate τ c . Therefore, when constructing the overall correlation function C(t) from the trajectory, it is often advantageous to first compute C I (t) from the trajectory and model C O (t) with a τ c determined experimentally. C I (t) is computed using the left part of eq 5 after first removing overall tumbling by superimposing each snapshot with respect to a reference snapshot.
Once C I (t) is computed, it can be converted by Fourier transform (eq 1) into the spectral density function needed to calculate NMR spin relaxation parameters. For this purpose, it is convenient to fit the numerical correlation function to a set of exponentials, so that the spectral density function can
Validation of Molecular Dynamics Trajectories J. Chem. Theory Comput., Vol. 3, No. 3, 2007 963 be expressed analytically as a sum of Lorentzians. 27 The internal correlation functions are computed for the interval t ) 0, ..., 0.3T MD , where T MD is the total length of the molecular dynamics trajectory. Each correlation function is then fit to a multiexponential function: 27 subject to the normalization condition that ∑ j A j ) 1.0 (j ) 0, ..., 5), A k g 0, and 0 e τ k for all k. Because it captures the long correlation time behavior of C I (t), A 0 is analogous to S 2 from the Lipari-Szabo model (eq 5).
The best-fit parameters generated from fitting the MD correlation functions to eq 9 are used in combination with the experimental value of τ c to calculate the spectral density function:
where τ′ ) τ c τ k /(τ c + τ k ). The spectral density functions are then used to compute the NMR observables 15 N T 1 , 15 N T 2 , and the 1 H-15 N NOE using the following well-known equations: 49 where The quality of the agreement between experimental and calculated values of T 1 , T 2 , and NOE was assessed in a way that is independent of their relative magnitudes. For this purpose, we define a parameter Q P in analogy to the Q value used for residual dipolar couplings: 50 where P obs and P pred are the experimentally and MD-derived values, respectively, of either the parameter set P T ) T 1 , T 2 , and NOE or set P R ) R 1 , R 2 , and NOE, and the sum runs over the residues for which both experimental and MD data are available. For P T , mobile residues with large T 1 and T 2 values are emphasized, whereas for P R , the influence of these residues on Q is diminished.
Torsion Angle Correlations.
As the AMBER99 and AMBER99SB force fields differ in their and ψ torsion angle potentials, 25 it is important to understand what (if any) influence the reparametrization has on the extent of correlated motions among these torsion angles. A complex covariance matrix C can be defined with elements 51 where cov(f,g) ) <f*g> -<f*><g>, where f and g are functions of the torsion angles θ k,l ( and ψ for each residue). In contrast to cov(θ k , θ l ), eq 15 does not depend on the choice of the origin of the torsion angles θ k and θ l .
Results and Discussion
Overall Effects of the AMBER99 and AMBER99SB
Force Fields. Analysis of the ubiquitin molecular dynamics trajectories computed with both the AMBER99 31 and the AMBER99SB 24, 25 force fields indicates that all simulations are stable over the course of the production runs. The backbone C R atom root-mean-square difference (RMSD) of each snapshot with respect to the crystal structure (excluding the mobile C-terminal tail residues 73-76) shows that, after an initial equilibration period, each of the trajectories represents an ensemble with similar RMSD values. The RMSD traces for the AMBER99 and AMBER99SB trajectories with the SPC water model under NPT conditions, which will be discussed in greater detail below, are shown in Figure 1A . The C R RMSDs of the individual residues, which provide site-specific information regarding the extent of motion sampled throughout the protein backbone, shows clear differences between these two trajectories ( Figure  1B ): the extent of fluctuations in several of the loops is larger with AMBER99 than with AMBER99SB. The rigidification of the backbone torsion angles and ψ in AMBER99SB 25 is also reflected in the average angular RMSDs of and ψ in the hairpin loop (residues 7-10), which decreases from 20.1°to 16.3°for AMBER99SB in an NPT simulation with SPC water, while the angular RMSD values for the secondary structural elements, which are intrinsically more rigid, remain unchanged at about 7-12°in both trajectories.
Comparison of Calculated Order Parameters with Experiment.
Order parameters computed from MD trajectories are commonly used as a metric for comparing dynamics found in experiments and simulations. Such comparison focuses on the spatial aspects of motion but does not provide direct information on agreement of the corresponding time scales. Besides the length of the trajectory, several factors in the simulation may influence the calculated order parameters including the force field, the choice of water model, and the choice to run NVT-or NPT-type dynamics. The impact of these factors was assessed by calculating a total of eight trajectories combining the AMBER99 or
AMBER99SB force fields, with either the SPC or TIP3P water models, running either under NVT or NPT conditions. All eight trajectories combining these three parameter pairs were run for 5 ns of production dynamics and then analyzed to yield S 2 for each backbone N-H bond vector. The MDderived order parameters are compared with the 61 experimentally determined values from Lienin et al. 34 used here as a reference. Statistics of the comparison are summarized in Table 1 . In general, AMBER99SB trajectories have higher correlation coefficients, a lower RMSD, and a lower standard deviation in the S MD 2 /S NMR 2 ratio than the corresponding AMBER99 trajectories, demonstrating that the AMBER99SB force field does a better job of reproducing experimental order parameters. Although the statistics also indicate slightly better results for NPT conditions, the difference between NPT and NVT conditions is minimal compared to the difference caused by changing the force field. Comparing the results for the SPC and TIP3P water models suggests that the choice of water model has some, albeit small, effect on calculated order parameters.
While the agreement between the predicted S 2 values using AMBER99SB and the experimental results of Lienin et al. is overall good, 34 it is important to know if further improvements can realistically be expected. Tjandra et al. 33 have reported ubiquitin order parameters under conditions very similar to those of the Lienin et al. 34 data set. The bottom row of Table 1 shows that these two experimental data sets are well-comparable, reflecting good reproducibility and high quality, and they provide information about inherent uncertainties in experimentally derived order parameters. The correlation between the two experimental data sets is clearly higher than the correlation between the experimental data and the best MD-derived data set, which helps establish an upper limit for the agreement between simulations and experiments that can be expected under optimal circumstances.
The average S MD 2 /S NMR 2 ratio (see the final column of Table 1 ) suggests that the AMBER99 trajectories slightly overestimate the dynamics of ubiquitin, while the AMBER99SB trajectories slightly underestimate them (although in both cases the difference from a 1:1 ratio is less than the standard deviation over the data set). Ratios less than one for the AMBER99 simulations are consistent with a body of literature reporting that MD trajectories based on this and similar force fields often underestimate S 2 in loop regions. 1, 10, [14] [15] [16] 52 The trajectories using the two force fields exhibit differences in their internal motional correlation times, and therefore the total length of the trajectory, T MD , required to produce optimal agreement with experimental S 2 values is different for the two force fields. To demonstrate this effect, the order parameters were computed from the AMBER99 and AMBER99SB trajectories after 500 ps and 1, 5, 10, and 20 ns and compared against the experimental values ( Table  2 ). The order parameters from the 20 ns AMBER99 and AMBER99SB trajectories are plotted as a function of the residue number, along with the experimental values of Lienin et al. 34 in Figure 2 . For the relatively rigid sites (S 2 g 0.85), both the AMBER99 and AMBER99SB simulations tend to overestimate S 2 , regardless of the length of the trajectory, which results in <S MD 2 /S NMR 2 > > 1.0 (at least for short trajectories). A previously reported ubiquitin trajectory calculated with the AMBER99SB force field did not display the baseline offset seen here, because the comparison was made against a different experimental data set with slightly higher order parameters, on average, for the rigid sites. 25, 33 Comparison against the Tjandra et al. 33 experimental values relieves the baseline offset but does not improve the quality of agreement otherwise (data not shown). On average, the GROMOS96 force field reproduces the order parameters of the rigid sites in ubiquitin quite well, 28 and the CHARMM C22/CMAP force field performs similarly well for the rigid sites of hen lysozyme. 23 By contrast, mobile regions of ubiquitin, such as the -hairpin loop and several of the loops closer to the Cterminus of the protein, turn out to be too floppy in the AMBER99 simulation, whereas they tend to be in good agreement with experimental results in the AMBER99SB simulation (Figure 2) . Plots of the AMBER99 order parameters computed after 1 and 20 ns correlated against the experimental data ( Figure 3A and C) suggest that the 1 ns order parameters are the best result for the AMBER99 trajectory. This is in contrast to the AMBER99SB trajectory, which appears to improve by most of the applied statistical measures as the trajectory duration increases (Table 2 and Figure 3B ,D). Figure 2 shows that the order parameters for the mobile regions (S 2 < 0.85) clearly differ between the AMBER99 and AMBER99SB trajectories. While for both force fields these order parameters decrease as the total trajectory time increases (Figure 3) , the rate of change is much larger for the AMBER99 force field than for AMBER99SB. Order parameters calculated over 20 ns show that the dynamics of the mobile regions are too unrestricted in the AMBER99 trajectory (Figures 2 and 3c) . A similar behavior has been observed in the NB trajectory. 28 For AMBER99, it is clear from Table 2 and Figure 3A and C that the 1 ns trajectory does a better job of reproducing the dynamics of the mobile regions of ubiquitin than the longer trajectories. The continuous increase of the RMSD as the trajectory duration increases and the accompanying decrease in <S MD 2 /S NMR 2 > dominated by the underestimated order parameters of the mobile regions indicates that the (Table 2) , by the similarity in the statistics from each of the four 5 ns subsets of the trajectory, and by more detailed analysis of 10 ns subtrajectories provided as Supporting Information.
This result is largely consistent with previously reported AMBER99SB ubiquitin and hen lysozyme simulations 25 and a hen lysozyme trajectory computed with the CHARMM C22/CMAP force field. 23 Both AMBER99SB and CHARMM C22/CMAP were produced from their parent force fields by adjusting the backbone and ψ torsion parameters, and the improvement at reproducing NMR order parameters indicates that these changes were made in the right direction. However, the question of whether these modified potentials properly sample the amplitudes and time scales of and ψ fluctuations on even longer time scales (tens of nanoseconds to milliseconds) cannot be addressed by comparison with spinrelaxation-derived S 2 values, which are insensitive to motions with correlation times slower than global tumbling. They will have to be validated using experimental data that are sensitive to these motions, such as residual dipolar couplings. [53] [54] [55] [56] [57] 3.3. Time-Correlation Functions and Relaxation Parameters. Time scales of internal dynamics can be extracted from reorientational correlation functions of each N-H bond vector calculated from a trajectory according to eq 2. For a well-sampled Markov process, the decay of the timecorrelation function to a plateau is (multi)exponential. For a finite trajectory, only if a correlation function is wellconverged does it approach a plateau value, which corresponds to the computed S 2 order parameter. Because the statistical error of a correlation function becomes often unacceptably large for times t > T MD /3 (where T MD is the total length of the trajectory), internal correlation functions C I (t) are computed here up to times 0.3T MD . Even then, there is a finite chance for the occurrence of rare events, for example, a local torsion angle transition, which can lead to the absence of a plateau in C I (t).
For the calculation of NMR relaxation data from a trajectory, high-quality correlation functions are required only for times t e τ c . Therefore, the presence of rare events is inconsequential for the NMR relaxation parameter calculation A set of 72 correlation functions C I (t) has been computed for t e 6 ns, corresponding to each of the 72 backbone 15 N-1 H pairs for both 20 ns trajectories using AMBER99 and AMBER99SB. The correlation functions show different behaviors that can be subdivided into three distinct categories. The first category is exemplified by the correlation functions of Asn 25 ( Figure 4A ,B). They are characterized by an extremely rapid drop from C I (0) ) 1 to a value typically near 0.9, followed by a rapid convergence to a stable plateau value corresponding to S 2 . The very fast time-scale motions producing the initial decay reflect local librations. Their effect on spin relaxation rates is simply scaling by S 2 ; that is, the precise correlation times of these motions do not enter. Consequently, multiexponential fitting of these correlation functions to eq 9 yields only a few significantly nonzero τ k and A k values, with A 0 closely matching S 2 , as can be seen for Asn 25 in both the AMBER99 trajectory (Table 3 ) and the AMBER99SB trajectory (Table 4 ). Relaxation parameters of N-H bond vectors that exhibit this type of correlation function are rather well-reproduced by both the AMBER99 and the AMBER99SB trajectories.
The second category of correlation functions exhibits a rapid drop at the beginning, similar to that found for the first category, followed by decay with a correlations time . 1 ps to a plateau S 2 e 0.85. Examples of such correlation functions are those of Leu 8 ( Figure 4D ), Lys 11 ( Figure  4F ), and Gly 47 ( Figure 4H ) from the AMBER99SB simulation.
The third category of correlation functions is characterized by substantial deviation from multiexponential decay behavior without a clear indication of convergence toward a plateau. Excluding the C-terminal tail, 15 correlation functions computed from the AMBER99 trajectory fall into this category (Leu 8, Thr 9, Gly 10, Lys 11, Ser 20, Ile 36, Gln 41, Ala 46, Gly 47, Lys 48, Gln 49, Leu 50, Gly 53, Arg 54, and Thr 55). All of these residues but Ile 36 display large errors in their order parameters (Figure 2 ). The only core domain residues in the AMBER99SB trajectory that fall into this category are Ser 20, which is also one of the residues with the worst predicted order parameter from this trajectory, and Gln 41, which also has a predicted order parameter below the experimental value.
The two categories of correlation functions reflecting significant internal mobility (categories 2 and 3) can be illustrated for residues 7-11, which form the loop region of the N-terminal -hairpin. This is the most mobile region of ubiquitin, except for the C-terminal tail. Tables 3 and 4 include a summary of the fitting parameters for these residues from the AMBER99 and AMBER99SB trajectories, respectively. For all sites in this loop, A 0 is much lower than S 2 in the AMBER99 simulation, consistent with the absence of a plateau in the calculated correlation functions. Exponents with τ k > 1.0 ns are observed in these sites, contributing 20% or more of the total amplitude of C I (t). In the examples of Leu 8 and Lys 11, a plateau is never actually reached due to the large amplitude contribution from low nanosecond time scale motion ( Figure 4C , Table 3 ). While these motions have a notable effect on the calculated S 2 values, they are too slow to affect the relaxation parameters in a significant way. Therefore, the poor agreement between the spin relaxation parameters calculated from the AMBER99 trajectory and the experimental values ( Figure 5 ) does not stem from these slower motions but, rather, from the largeamplitude motions on the subnanosecond time scale (note the presence of 100-400 ps τ k associated with A k > 0.1 for these residues in Table 3 ).
The behavior of the correlation functions for the -hairpin vectors is quite different in the AMBER99SB trajectory, as is summarized in Table 4 . Although the values of A 0 are still noticeably lower than the experimental order parameters for most sites, they are all much higher than those of the AMBER99 trajectory. Similar to the AMBER99 trajectory, the order parameter calculated for Lys 11 deviates significantly from its experimental value, despite the fact that its correlation function is well-converged aside from being slightly noisier than some of the other correlation functions ( Figure 4F ). In addition to the influence of the underestimated order parameter, the discrepancy between back-calculated and experimental relaxation parameters for Lys 11 stems largely from the presence of a sizable 540 ps motional mode (Table 4) , which is highly relaxation-active. Increasing the three τ k of 540 ps to 2 ns without adjustment of any of the amplitudes A k results in a reduction of the back-calculated T 1 from 618 to 582 ms and T 2 from 239 to 230 ms and increases NOE from 0.511 to 0.647. The agreement with the experimental values (T 1 ) 518 ms, T 2 ) 205 ms, and NOE ) 0.608) is improved by this parameter adjustment, suggesting that the 540 ps motion dominating the backcalculated relaxation parameters in the simulation is absent in the experiment.
There are several sites outside of the -hairpin which display significantly enhanced dynamics in the AMBER99 trajectory. The locations in primary sequence of residues with low order parameters in the AMBER99 trajectory and in the NB trajectory are similar but not identical (compare Figure a Ak are the amplitudes of the corresponding exponential contributions to the correlation function (eq 9). b Correlation times, τk, are given in units of picoseconds. c Lienin et al. 34 2 with Figure 6 of ref 28) , whereas the discrepancy between the MD and experimental order parameters of these sites is reduced or eliminated for all sites in the AMBER99SB trajectory. For example, the correlation function for Gly 41 ( Figure 4G ,H) and its fit parameters (Tables 3 and 4) indicate a significant change in dynamics caused by the change in force field. Gly 47 has a relatively high experimental order parameter (S 2 ) 0.81), 34 which is very different from the value predicted from the AMBER99 simulation (S 2 ) 0.63). In contrast, the correlation function from the AMBER99SB trajectory for Gly 47 rapidly converges to a stable asymptote ( Figure 4H ) and has a predicted order parameter of 0.82, in excellent quantitative agreement with experimental results (S 2 ) 0.81). 34 Calculating 15 N T 1 and 15 N T 2 spin relaxation times and heteronuclear NOEs is a stringent test of an MD trajectory's quality, because it requires that both the amplitude and the time scales of spin-relaxation active motion be reproduced well. For this purpose, the fit parameters from the correlation functions are used to generate spectral densities J(ω) for each N-H bond vector along the ubiquitin backbone using eq 10. These spectral density functions are then used to calculate T 1 , T 2 , and NOE (eqs 11-13) for a magnetic field strength of 14.1 T, which corresponds to the field strength at which the reference data set was measured. 34 The results are shown in Figure 5 . Note that residues 23-25 display chemical exchange contributions to T 2 which occur on the microsecond to millisecond time scale and are not modeled here.
On average, the AMBER99SB trajectory significantly better predicts T 1 , T 2 , and NOE than the AMBER99 trajectory (Table 5) . At the level of individual residues, both the AMBER99 trajectory ( Figure 5 , left panels) and the AMBER99SB trajectory ( Figure 5 , right panels) show good agreement with experimental results for most of the rigid residues found in secondary structural elements. However, it is again apparent that the dynamics of the -hairpin loop (residues 7-10) and numerous other loops are severely overestimated in the AMBER99 trajectory, consistent with the order parameter analysis. The NB trajectory was also used to back-calculate the relaxation parameters of ubiquitin, and the authors found poor agreement in similar regions. 28 The AMBER99SB trajectory, on the other hand, reproduces the experimental relaxation times and heteronuclear NOEs well for most sites.
While the overall agreement between experimental and calculated values of T 1 , T 2 , and NOE is clearly higher for the AMBER99SB trajectory than for the AMBER99 trajectory, the different magnitudes of the individual parameters makes a quantitative comparison less straightforward. In analogy to the Q value used for residual dipolar couplings, 50 the parameters Q T and Q R presented in Table 5 (eq 14) allow direct quantitative comparison between the individual parameters, by renormalizing the RMSD to eliminate the influence of differences in parameter magnitudes. In general, Q R is lower than Q T because the influence of the C-terminal tail residues, which are less well-modeled even in the 20 ns AMBER99SB trajectory, is diminished in Q R as compared to Q T . This effect is seen most clearly by comparing RMSD, Q T , and Q R for the AMBER99SB trajectory.
The use of Q T,R demonstrates why comparison of simulation against experimental spin-relaxation times and heteronuclear Overhauser effects is a more objective measure of simulation quality than comparison with S 2 alone. Statistics and correlation plots (Table 2 and Figure 3) indicate that the 1 ns AMBER99 trajectory yields the highest-quality reproduction of the experimental order parameters of any subtrajectory from that simulation, and yet the total Q R for that trajectory (Q R ) 0.453) is clearly worse than that for the full 20 ns trajectory (Q R ) 0.315). This demonstrates that an order parameter comparison, while informative, does not provide a quantitative assessment of the quality of a trajectory because it ignores the potentially complex interplay between time scale and amplitude effects.
Dynamics of the -Hairpin Loop.
Having demonstrated that the AMBER99SB simulation reproduces well experimental order parameters, spin relaxation times, and heteronuclear Overhauser effects, the trajectory is used to study the dynamics of the turn of the -hairpin near the N-terminus of ubiquitin in more detail. Application of the RED protocol, which is a variant of the iRED protocol used a Residues Ile 21 and Asn 25 are excluded from the calculation because of an exchange contribution to the experimental T2 which would not be reproduced in the simulation. b Pearson's correlation coefficient between the simulation and the experimental set. 34 c Spearman's rank correlation coefficient between the simulation and the experimental set. 34 d Root-mean-square deviation between the simulation and the experimental set. 34 e Q value between the simulation and the experimental set calculated from eq 14. Values in parenthesis are calculated from R1, R2, and NOE. f Average is taken over all residues for which there is both MD and experimental data.
in the present study, did previously show correlations in the reorientational motions of various residues in the -hairpin loop including correlations between many of the backbone torsional degrees of freedom. 37 Optimization of a combined reorientational and torsional covariance matrix against experimental spin relaxation data resulted in a clear reduction of the amount of correlations among the torsional degrees of freedom. 37 Similarly to the previous study, both the portion of the iRED covariance matrix corresponding to internal reorientations of the -hairpin and a matrix of correlation coefficients between the and ψ torsion angles for the same region constructed from the AMBER99 trajectory show significant (negative) correlations spanning the loop and its joining strands ( Figure 6A,C) . In contrast, the same matrices computed from the AMBER99SB trajectory suggest lower correlations between these sites ( Figure 6B,D) . The matrices in Figure 6A and B are constructed by removing the eigenmodes corresponding to global reorientation from the total iRED covariance matrix, and their diagonal elements are proportional to 1 -S 2 (eq 8). Figures 6 and 7 show that motional correlations are differentially altered and reduced on average in the AMBER99SB trajectory relative to the AMBER99 trajectory. Because it is difficult to experimentally quantify these motional correlations (off diagonal elements of the matrices in Figure 6 ), validation of the simulated correlations is not feasible at this time. Altered correlations are likely to have ramifications for estimating thermodynamic quantities, in particular, configurational entropies, from trajectories using AMBER99SB.
Conclusions
Comparison of MD simulations against NMR spin-relaxation data represents a rigorous quality test of MD simulation protocols and force fields. Presently available computational power enables routine calculation of molecular dynamics trajectories of biomolecules extending into the tens of nanoseconds range. These simulations are reaching the point where they allow one to systematically assess and distinguish between finite conformational sampling effects and the accuracy of the force field itself.
Comparisons with NMR order parameters have long suggested that the amount of dynamics of protein loops are systematically overestimated in MD trajectories. Recent modifications of backbone potentials of both the CHARMM C22 force field and the AMBER99 force field produce significant improvements for both force fields. [22] [23] [24] [25] Due to the distinct sensitivity of the experimental NMR S 2 order parameters to the associated motional time scales, their usefulness as a comparison metric between simulation and relaxation data is somewhat limited. Many computed S 2 values depend on the duration of the trajectory with longer trajectories displaying on average lower computed order parameters. This is consistent with experimental evidence from residual dipolar couplings measured in multiple alignment media suggesting the presence of additional motions on nansecond to millisecond time scales that are not captured by T 1 -type relaxation data. 53, [55] [56] [57] At present, such motions cannot be comprehensively probed by standard MD simulations; therefore, they will require other methods such as enhanced sampling techniques.
We demonstrate here that comparison directly against the "raw" relaxation parameters T 1 , T 2 , and NOE is complementary to and for fully quantitative purposes preferable over the use of S 2 parameters to assess the performance of MD simulations. Comparison based on relaxation parameters implicitly includes the complex time-scale effects of the motions on spin-relaxation parameters. While internal motional correlation times can be separately extracted from a model-free analysis 17, 18 or alternative treatments, 58 they are typically much less well-defined than the corresponding order parameters, and they also depend on the model selection procedure. 59 Because overall rotational tumbling is neither properly reproduced by current force fields nor properly sampled by trajectories in the tens of nanoseconds, a hybrid approach is used here that combines the experimentally derived overall tumbling correlation function C O (t) with the internal correlation function C I (t) calculated from the trajectory. A drawback of the method is that the relaxation parameters cannot be meaningfully predicted without accurate knowledge of the overall tumbling correlation time. However, if fit parameters using eq 9 to the internal correlation functions of MD trajectories were systematically reported in future simulations, such as the ones of Tables 3 and 4 , relaxation parameters can be readily back-calculated once experimental relaxation data are available, either by using the experimentally determined overall tumbling correlation time, τ c , or by treating τ c as a fit parameter that optimizes agreement between the experiment and simulation. Such a procedure is a special case to the reporting of the dominant part of iRED eigenmodes together with their corresponding correlation times, from which the overall tumbling time can be modeled by fitting the correlation times of the five eigenmodes with the largest eigenvalues to the experimental data. 38 While in the present treatment isotropic overall tumbling is assumed, which is adequate for ubiquitin, 33 it can be easily extended to axially symmetric or fully anisotropic overall tumbling motion. 60 We find that for ubiquitin the modified AMBER99SB force field is better at reproducing both the amplitude and time scale of spin-relaxation active internal motions than AMBER99. The overall reproduction of NMR relaxation times and the heteronuclear NOE, as well as NMR order parameters, using this force field is good, which includes the loop region of the N-terminal -hairpin. The reduction in motional amplitudes is accompanied by both a slowdown of the intramolecular dynamics and a reduction of torsion angle correlations. Some discrepancies still remain with AMBER99SB, indicating that there is room for further improvement. Moreover, the rate of macromolecular global tumbling is systematically overestimated in MD simulations using most current water models, which will require improvements of the way explicit solvent water is modeled and how water molecules interact with the solute. Such advances would be particularly beneficial for assessing simulations of (partially) unfolded and disordered protein systems whose overall motion is not separable from internal dynamics and for which an internal order parameter is not defined any longer. 38, 61, 62 
